The objective of this study is to evaluate the tribological characteristics of bearing materials and to select the suitable material for the multi-freedom coupling device of multi-connected floating body. Sliding wear tests of seven kinds of materials including two kinds of phenolic resins, two kinds of PTFE, a polyamide and two kinds of copper alloys rubbed against SUS304 (AISI304) of high corrosion resistance were carried out in three kinds of the test environments: in seawater, in the atmosphere and in seawater-atmosphere repeated condition.
INTRODUCTION INTRODUCTION
Floating structures such as Mega float are expected to use the ocean space effectively and to preserve the ocean environment. Especially a multi-connected floating body system (MFBS) composed of many small scaled floating units is worthy of attention, since it has a lot of advantages such as the easiness of coping with changes of scale, structure and function, the short term of work compared with the usual united floating body [1] . The key technology to realize MFBS is to develop a multi-freedom coupling like a universal joint to connect two floats adaptable to wave and wind forces.
In the multi-freedom coupling, some problems of severe surface damages like corrosion, wear and seizure are expected to arise because of sliding of the mechanical parts in seawater and sometimes in the atmosphere. However, little work has been reported to estimate the corrosive wear in seawater and to contribute to practical use [2, 3] . The authors have studied on sliding wear of the engineering metals in seawater and clarified the effects of load, sliding speed and electro-chemical potential on corrosive wear [4, 5] .
In this study, wear tests were performed in seawater and in the atmosphere using polymeric resins and anti-corrosive metallic alloys as bearing materials. This paper describes the suitable bearing materials for the coupling device in terms of corrosive wear and seizure.
EXPERIMENTAL PROCEDURES EXPERIMENTAL PROCEDURES
In this experiment, we designed and manufactured a wear test apparatus ( Fig.1) with an oscillatory sliding which simulates the actual multi-freedom coupling device. The test apparatus can supply high PV condition (P: contact pressure=10MPa, V: sliding velocity=0.05m/s) identical to that obtained by model basin test. As shown in Fig.1 , a rotation of an electric motor⑥ is changed by crank and lever mechanism to an oscillatory motion of a shaft specimen② which slides against a bearing specimen. The normal load is given by a spring③ and a tap bolt④, and the natural seawater of 1.63(l/min) is supplied to the test specimens by a circulation pump and a water tank⑦. The frictional force is measured using strain gauges ⑤. Fig.2 shows contacting condition between bearing and shaft specimens with the oscillatory sliding angle of ±45°.
In this experiment, we designed and manufactured a wear test apparatus ( Fig.1) with an oscillatory sliding which simulates the actual multi-freedom coupling device. The test apparatus can supply high PV condition (P: contact pressure=10MPa, V: sliding velocity=0.05m/s) identical to that obtained by model basin test. As shown in Fig.1 , a rotation of an electric motor⑥ is changed by crank and lever mechanism to an oscillatory motion of a shaft specimen② which slides against a bearing specimen. The normal load is given by a spring③ and a tap bolt④, and the natural seawater of 1.63(l/min) is supplied to the test specimens by a circulation pump and a water tank⑦. The frictional force is measured using strain gauges ⑤. Fig.2 shows contacting condition between bearing and shaft specimens with the oscillatory sliding angle of ±45°. Table 1 shows the bearing materials of test specimens. Seven kinds of materials were selected: two kinds of phenolic resins, two kinds of PTFE, a polyamide and two kinds of copper alloys. SUS304 (AISI304) of high corrosion resistance was used as the shaft material (surface roughness 0.1μmRa). The outer and inner diameters of the bearing are 28 and 20(mm), respectively. The bearing width is 20(mm). Table 2 shows the test conditions. The apparent contact pressure was changed from 2.5 to 10(MPa) under a constant sliding speed of 0.05(m/s). Three kinds of the test environment are adopted: in seawater, in the atmosphere and in seawater-atmosphere repeated condition for 15 minutes each.
Wear volume was derived from the section profile of wear track measured by a profilometer. The surface of the test specimen was observed with an optional microscope and chemically analyzed using X-ray photoemission spectroscopy and energy dispersed spectrometer. Fig.4 shows the wear depth distribution of phenolic resin(A), polyamide(E) and Al bronze(G) at the contact pressure of 10(MPa). The horizontal axis is the circumferential angle of the bearing specimen.
As shown in Fig.3 , the specific wear rate of the bearing specimens increases in the following order: copper alloys(F, G) < polyamide(E) < PTFE(C, D) < phenolic resins(A, B). The specific wear rate of the shaft specimen increases in the order of polyamide, PTFE, copper alloys and phenolic resins. As shown in Fig.4 , the maximum wear depth of Al bronze(G) is 15(μ ｍ) which is lower than one-tenth of 207(μｍ) of phenolic resin(A). The maximum wear depth of polyamide(E) is 38(μｍ) which shows the best wear resistance in the resin specimens. Meanwhile, there is no obvious effect of the change in the contact pressure on the specific wear rate. Consequently, it is found that copper alloys(F, G) and polyamide(E) show low specific wear rate of 2.5×10 -9 (mm/N), but phenolic resins(A, B) show high specific wear rate of 2.5×10 -8
(mm/N) and cause the wear damage of the shaft. shows the lowest friction coefficient of 0.07～0.1 and exhibits the effect of a solid lubricant [6] .
Although it is reported that the phenolic resin generally have good water lubricity [7] , its friction coefficient and specific wear rate are higher than the other specimens in this experiment. This is attributed to sliding in nearly dry conditions despite in seawater due to high contact pressure. With respect to seizure, there is no evidence of this kind of the damage for all specimens. Fig.6 shows the specific wear rate of the bearing and shaft specimens in three kinds of the test environments: in seawater, in the atmosphere and in seawater-atmosphere repeated condition for 15 minutes each. The results were obtained under the following condition: contact pressure of 2.5(MPa), sliding speed of 0.05(m/s) and test period of 6(Hr).
Wear and friction in different environments
Like the above-mentioned result in seawater, even in the different environments, the specific wear rates of Al bronze(G) and polyamide(E) are low and those of PTFE(C, D) and phenolic resins(A, B) are high. The specific wear rate of the shaft specimens increases in the order of PTFE(C, D), polyamide(E), Al bronze(G) and phenolic resins(A, B). For Pb bronze(F) in the atmosphere, the wear test was discontinued at 0.5(Hr) after test starting because of abrupt increases in friction coefficient and bearing temperature. Focusing on PTFE(C, D), the specific wear rate in the atmosphere is lower than that in other environments. It is thought that PTFE in the atmosphere may easily spread and produce the thin film on the shaft surface, but in seawater it is difficult to produce the film or easy to remove it. It is noted that there is no surface damage of the shaft sliding against PTFE in the atmosphere. Al bronze has the same tendency as PTFE, that is, the specific wear rate in the atmosphere is much lower than that in seawater. This is attributed to decrease in the effect of solid lubrication lubrication since embedded graphite on the surface is dissolved into seawater. Fig.7 shows the average of friction coefficient in the different environments. The friction coefficient shows the same tendency as the specific wear rate, which is not affected by the environments except Pb bronze(F) in the atmosphere. As mentioned previously, Pb bronze(F) in the atmosphere abruptly increases the bearing temperature above 100℃ and the friction coefficient up to 1.2 and shows an indication of seizure. Accordingly, from the practical aspect, Pb bronze(F) is not suitable for the coupling material because seizure obstructs three-dimensional movement of the coupling. P=2.5MPa, v=0.05m/s, t=6Hr) *Test was discontinued because of seizure Fig.8 shows the section profiles of the axial surfaces on two representative bearings and shafts before and after the test at the contact pressure of 5(MPa) in seawater. For the bearing specimens, the both phenolic resin(B) and polyamide(E) make these surfaces smooth due to sliding contact. However the shaft sliding against phenolic resin(B) increases the surface roughness. It is presumed that phenolic resin may attack the shaft surface due to thermosetting hardened by friction heat. The reason why phenolic resin decreases surface roughness despite high specific wear rate is though to be plastic flow due to sliding contact. Fig.9 shows the microscopic pictures of wear track tested in seawater. Due to sliding, the track of phenolic resin rougher than polyamide is observed. Many white particles on PTFE are Cu component of sintered Cu alloy from the analysis of energy dispersive spectrometer. It is noted that PTFE is very thin and easy to be worn out. On the wear track of Al bronze, narrow black stripes of graphite are observed. Fig.10 shows the results of chemical analysis on bearing surfaces after the test in seawater using X-ray photoemission spectroscopy. The chemical analysis was conducted after cleaning the surface by Ar sputtering. Iron oxides were hardly detected on polyamide(E), which agrees with very low wear rate of the shaft. Some iron oxides (Fe 2 O 3 and FeO) transferred from the shaft were detected on the surface of phenolic resin and Pb bronze. It can be understood that the bearings of the transferred iron oxides are high specific wear rate.
Discussion
Considering the extent of specific wear rate and metal transfer, it is presumed that the wear is mainly caused by adhesive mechanism except for phenolic resins including partial abrasive mechanism due to its thermosetting. As a consequence of this study, polyamide and Al bronze are suitable for the coupling material from the viewpoint of wear, seizure and friction. Especially, polyamide is applicable to the coupling because of light weight.
CONCLUSIONS
The oscillatory sliding wear tests were performed using polymeric resins and Cu alloys in order to find out the suitable bearing materials for the multi-freedom coupling device. The main conclusions obtained are as follows.
(1) Polyamide and Al bronze with embedded graphite and their shaft show low specific wear rate (Ws )≦3×10 -9 (mm 2 /N)).
Electronic intensity
The both bearing materials are suitable for the coupling device judging from wear resistance and anti-seizure. 
